The interplay between electrochemical surface charges and bulk ferroelectricity in thin films gives rise to a continuum of coupled ferro-ionic states. These states are exquisitely sensitive to chemical and electric conditions at the surfaces, applied voltage, and oxygen pressure. Using the analytical approach combining the Ginzburg-Landau-Devonshire description of the ferroelectricity with Langmuir adsorption isotherm for the ions at the film surface, we have studied the temperature-, time-and field-dependent polarization changes and electromechanical response of the ferro-ionic states. The responses are found to be inseparable in thermodynamic equilibrium and at low frequencies of applied voltage. The states become separable in high frequency dynamic mode due to the several orders of magnitude difference in the relaxation times of ferroelectric polarization and surface ions charge density. These studies provide an insight into dynamic behavior of nanoscale ferroelectrics with open surface exposed to different kinds of electrochemically active gaseous surrounding.
Within 70 years, the development of perovskite ferroelectric applications has evolved from capacitor radio-ceramics bulk units [1, 2] , multifunctional piezoelectric thin sheet transducers [3, 4] and pyroelectric thin layer detectors [5] to thin film ferroelectric memories [6, 7] . From early 1970-ies to present there are growing demands to ferroelectric structures in chemotronics [ 8 ] and electrochemical sensorics [9] for design the new classes of sensing and converting devices. The first experiments [10, 11, 12, 13] have proved the interaction of the ferroelectric barium titanate, BaTiO 3 , surface with oxygen, hydrogen and methyl-alcohol molecules resulted in the significant influence on polarization reversal, dielectric permittivity and pyroelectric currents. Electric coupling between electrochemical surface charges and bulk ferroelectricity gives rise to a chemical switching [14, 15, 16] and continuum of coupled ferro-ionic states [17, 18] in ferroelectric thin films. These states are exquisitely sensitive to chemical and electric conditions at the film surfaces [14] [15] [16] [17] [18] . The analytical description of coupled ferro-ionic states was developed via the combination of Ginzburg-LandauDevonshire description of the film ferroelectric properties [19, 20, 21] with Langmuir adsorption model for the chemical reaction at the film surface [22] , and corresponding phase diagrams .as a function of temperature, film thickness, and external electric potential were constructed under different stationary conditions [14] [15] [16] [17] [18] .
Here, we explore the dynamic behavior of the ferro-ionic states in thin films, representing the polarization and electromechanical response as measured by the piezoresponse force microscopy (PFM) [23, 24] . We demonstrate that the piezoelectric responses in ferroelectric, ferro-ionic and nonferroelectric electret-like ionic states are inseparable at low frequencies of applied voltage. The states become separable in high frequency dynamic regime due to the several orders of magnitude difference in the relaxation times of ferroelectric polarization and surface ions. This effect calls up with pyroelectric response under slow enough and fast enough temperature changes [25, 26] . These studies provide an insight into mesoscopic properties of ferroelectric thin films, whose surface is exposed to electrochemically active gaseous surrounding, and potentially point out experimental pathways to explore them.
To describe the coupling between ferroelectric phenomena and interfacial electrochemistry (redox reactions), we adopted the Stephenson and Highland (SH) approach [14, 16] and further extend it by the presence of the dielectric gap of thickness λ between the quasi-planar top electrode (e.g., flat apex of the PFM tip) and ferroelectric surface. The film thickness is h. The bottom electrode is flat and ideally electron conducting. Voltage U is applied to the tip electrode during enough long time for system to reach the thermodynamic equilibrium [ Fig. 1(a) ]. Then the voltage can be switched off [ Fig.   1(b) ]. We assume that the ion layer with the Langmuir-type charge density [14, 16, 22] cover the ferroelectric film surface z = 0. The existence of the ion layer is necessary to provide an effective screening of the spontaneous polarization at the open surface of the ferroelectric film. Such layers can ( ) ϕ σ be readily formed when the film top surface was exposed to a controlled oxygen partial pressure in equilibrium with electron conducting bottom electrode. Experimentally these layers can be realized either by design (similar to electrochemical experiments), or serendipitously via adsorption from environment. [14, 16, 31] : Since the stabilization of single-domain polarization in ultrathin perovskite films takes place due to the chemical switching (see e.g. [14, 16, 33, 34, 35] ) we consider the single-domain film and assume that its polarization distribution is smooth enough. For this case, we derived coupled nonlinear equations for the polarization averaged over film thickness 3 P and surface charge density σ [18] :
In Eq. (2a) the kinetic Khalatnikov coefficient Γ is defined by phonon relaxation time [36] . Coefficient depolarizing size effect (the term ~λ) [18] . T is the absolute temperature, T C is Curie temperature. [19] . The effective electric field in Eqs. (2) is
. Electric potentials acting in the dielectric gap ( ) and in ferroelectric ( ) linearly depends on the coordinate z and overpotential
[ Fig. 1(c) ].
Here, we extend the analysis [18] to study the effective piezoelectric response 33 
Expressions (1)- (3) describe the coupling between ferroelectric polarization and surface ions, and derive effective piezoelectric coefficient.
It was shown [18] that the phase diagram of the ferroelectric film covered by ions becomes more complex and the film can adopt the non-ferroelectric ionic (NFE), coupled ferroelectric-ionic (CFI) and mostly ferroelectric (FE) states dependent on temperature and thickness. The FE state is defined as the state with robust ferroelectric hysteresis between two absolutely stable and two unstable ferroelectric polarizations 3 P , which have "positive" or "negative" projection at the film surface normal. The four polar states correspond to the four real roots of the static Eqs.(2a), which can exist at nonzero σ, for the film thickness h higher than the critical thickness ( ) (
, and temperatures smaller than the critical one ( ) 
for thicker films is due to ions presence Note that even though ultra-thin epitaxial films without top electrode (or with a gap between the film surface and the top electrode) can split into domain stripes [39, 40, 41] , the analysis suggests that the considered ultra-thin films are single-domain because the screening ion charge layer covers the film surface and induces the strong self-polarizing effective electric field For the case U ≤ 0 the charge σ is nonzero and voltage-dependent. Figs. 3(a) and 3(c) ]. We argue that the asymmetric multi-step relaxation between two "negative" polarizations and piezoresponces (one is the stable and another is the unstable root of the static Eq.(2a) and (3) Finally Figs. 4(a)-(c) Fig. 4(a) ]. The principal difference between the loops calculated for h ≥ 30 nm and h ≤ 10 nm are clearly seen. For higher frequency 1 = ωτ LK the shift increases, and the loops for the thinnest films disappears, as well as shape of the loops for thicker films becomes similar and diffuse
[ Fig. 4(b) ]. At high frequency 10 = ωτ LK the strong "blowing" of the loops occurs since the ion charge relaxation does not take place [ Fig. 4(c) ]. Time sweeps of effective piezoresponse over a period corresponding to the loops in Voltage U (V) Other parameters are the same as in Fig.2 .
To summarize, we analyzed the response of the coupled ferro-ionic states on the step wise change in electric boundary conditions, similar to the PFM imaging and spectroscopy experiment. The evolution of electromechanical response and corresponding polar states are analytically described. The responses are found to be inseparable in thermodynamic equilibrium and at low frequencies of applied voltage, and become separable in high frequency dynamic mode due to the several orders of magnitude difference in the relaxation times of ferroelectric polarization and surface ions. These studies provide a an insight into mesoscopic properties of ferroelectric thin films, whose surface is exposed to different kinds of electrochemically active gaseous surrounding. Electron charge e (C) 1.6×10
Supplementary Materials, which include calculations details and auxiliary figures [43]
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APPENDIX B.
B.1. Single-domain state stability
Despite the ultra-thin (0.4 nm) gap between the sluggish ion charge layer and the top electrode is present in the geometry of this work, the situation with domain appearance is completely different due to the strong self-polarizing role of effective electric field
produced by nonzero ion charge σ at U = 0. The field, being inversely proportional to the film thickness (and so it is predicted to be the highest for thin films), is nonzero and rather high for the case Fig. S2(a) ]. At the temperatures T ≥ 300 K the domains are absent for thickness less than 40 nm (we additionally checked the last statement numerically) [ Fig. S2(b) ]. (blue curve) calculated at room temperature. Detailed parameters are described in Table SI .
c E
Note, that the thermodynamic intrinsic coercive field E c was found directly from Eqs. (1)- (3) namely the field is Fig. S6(a) Hence the piezoelectric responses of ferroelectric and ionic states are inseparable in thermodynamic equilibrium, and become separable in high frequency dynamic mode due to the several orders of magnitude difference in the relaxation times of ferroelectric polarization and surface ions. Other parameters are the same as in Fig.2 , main text. Fig.2 , main text.
